ABSTRACT K-band galaxy number counts (GNCs) exhibit a slope change at K ∼ 17.5 mag not present in optical bands. To unveil the nature of this feature, we have derived the contribution of different galaxy types to the total K-band GNCs at 0.3 < z < 1.5 by redshift bins and compared the results with expectations from several galaxy evolutionary models. We show that the slope change is caused by a sudden swap of the galaxy population that numerically dominates the total GNCs (from quiescent E-S0's at K < 17.5 mag to blue star-forming discs at fainter magnitudes), and that it is associated with a flattening of the contribution of the E-S0's at 0.6 < z < 1 to the total GNCs. We confirm previous studies showing that models in which the bulk of massive E-S0's have evolved passively since z > 2 cannot predict the slope change, whereas those imposing a relatively late assembly on them (z < 1.5) can reproduce it. The K-band GNCs by redshift bins and morphological types point to a progressively definitive build-up of ∼50% of this galaxy population at 0.8 < z < 1.5, which can be explained only through the major mergers reported by observations. We conclude that the slope change in total K-band GNCs is a vestige of the definitive assembly of a substantial fraction of present-day massive E-S0's at 0.8 < z < 1.5.
INTRODUCTION
Galaxy number counts (GNCs, i.e. the number of galaxies per apparent magnitude and area unit on the sky) were originally conceived to constrain cosmological models, a purpose for which they are still being used (see Hubble & Tolman 1935; Hartnett & Hirano 2008; Enea Romano 2010; Shen et al. 2015) . However, it was soon realized that they are more sensitive to the processes driving galaxy evolution than to the assumed cosmological model (Brown & Tinsley 1974; Hoversten et al. 2009 ).
Although the estimates of luminosity functions (LFs) have the advantage over GNCs of showing the intrinsic evolution of each galaxy population directly, LF estimates are still tricky owing to the assumptions adopted for the statistical method, the cosmological model, and the ecorrection (Willmer 1997) , as well as the observational selection effects that can make any galaxy sample incomplete (Johnston 2011) . Completeness in spectroscopic surveys at ⋆ E-mail: mpm@iac.es intermediate-to-high redshifts is still challenging, so most studies use photometric redshifts to obtain large complete samples (e.g. Pérez-González et al. 2005; Lapi et al. 2011; Sobral et al. 2015) . But small errors in the photometric redshifts translate into large uncertainties in the rest-frame fluxes, affecting more noticeably the LF estimates when the object statistics are low. Consequently, the LFs of bright (i.e. massive) galaxies tend to be poorly estimated and their evolution is less constrained (Goto et al. 2010; Khostovan et al. 2015) . Additionally, there are very few studies deriving kcorrections from real data, and they are usually limited to low-to-intermediate redshifts, certain bands, and/or some specific galaxy types, so LFs are affected by these uncertainties too (e.g. Roche et al. 2009; Huertas-Company et al. 2009; Chilingarian et al. 2010) . These uncertainties in the k-corrections also increase the difficulty of modelling. In fact, current models can predict the galaxy luminosity functions at z ∼ 0, but not their precise evolution with redshift (Guo et al. 2011 ).
On the contrary, GNCs are free from these uncertainties and have higher statistical significance, so they c 2000 RAS are quite robust observational diagnostics for discriminating between different evolutionary models.Nevertheless, despite being apparently simple, GNCs summarize the effects of different galaxy evolutionary processes taking place at different redshifts, so they still represent a challenge for current galaxy evolution models, which have difficulty in reproducing total GNCs from NUV to NIR simultaneously (Kitzbichler & White 2006 Grazian et al. 2009 ). This difficulty arises because the slope of GNCs in optical bands is almost featureless and nearly Euclidean for a wide magnitude range (d log(N )/dm ∼ 0.6, see Peebles 1971; Yasuda et al. 2001) , but it exhibits a noticeable slope change in NIR GNCs at K ∼ 17.5 mag (see Gardner et al. 1993; Bershady et al. 1998; McCracken et al. 2000; Cristóbal-Hornillos et al. 2003 Imai et al. 2007; Barro et al. 2009 ). This slope change is also reported in the J and H bands, although it is less noticeable (Cristóbal-Hornillos et al. 2009 ).
Many studies have tried to derive the processes responsible for this feature through modelling, but with little success. In general, whereas UV and blue optical GNCs require strong luminosity evolution of galaxy populations and/or high merger rates to be fitted (Hogg et al. 1997; Gardner et al. 2000; Fried et al. 2001; Nagashima et al. 2002; Hoversten et al. 2009 ), red optical and NIR GNCs basically follow a pure luminosity evolution (PLE) trend for all galaxy types (at least until the magnitudes of the slope change, see Pozzetti et al. 1996; He & Zhang 1998; Totani & Yoshii 2000; Martini 2001; Huang et al. 2001; Martini 2001; Totani et al. 2001; Somerville et al. 2004) . No consistent evolutionary scenario has so far been proposed to reproduce GNCs simultaneously by redshift bin and morphological type in all bands. Bershady et al. (1998) compared deep GNCs in the J and K bands with the expectations of different galaxy evolutionary models. These authors had already attributed the slope change in the NIR bands to the evolution experienced by the ancestors of present-day bright quiescent galaxies, because they had found a deficit of galaxies with J −K colours typical of bright passively-evolving objects at 1 < z < 3 with respect to non-evolutionary models that indicated that these galaxies were much bluer at these epochs than at z < 1 (see also Gardner 1999) . It was Cristóbal-Hornillos et al. (2003, CH03 hereafter) who first suggested that the slope change could be reproduced by delaying the formation of massive early-type galaxies (E-S0's with masses M * > 10 11 M⊙) down to z 2. However, their model failed to reproduce GNCs in blue optical bands unless a transient population of star-forming galaxies was included ad hoc at all redshifts. In any case, the assembly epoch proposed for massive earlytype galaxies was strikingly late compared to paradigms (mainly monolithic collapse at z > 3) that were prevalent in those years. Kitzbichler & White (2006) showed that PLE models for early-type galaxies overpredict the population of massive E-S0's at high redshift. They supported the conclusions by previous authors that, in order to reproduce GNCs data, either the majority of massive E-S0's should be assembled at late epochs, or the ancestors of these galaxies should have suffered strong dust extinction phases at z 1. A coeval study proved that both mechanisms were indeed required to reproduce total GNCs simultaneously in the U , B, and K bands (Eliche-Moral et al. 2006b, EM06 henceforth) . The appearance of the bulk of massive E-S0's on the cosmic scenario at a quite late redshift (z = 1.5) was necessary to reproduce the slope change in the NIR GNCs, but a moderate dust extinction in the early evolutionary stages of these galaxies was necessary to remove 'bump' signatures in the GNCs of blue bands caused by the young stellar populations contained in these galaxies at z ∼ 1.5. The EM06 model did not identify the mechanism responsible for the E-S0 assembly, but these authors suggested that the high extinction required in the early phases of this galaxy population may indicate gas-rich major mergers.
Later studies based on previous models estimated that the present-day number density of massive early-type galaxies should decrease by a factor of ∼2-3 at z ∼ 1 to reproduce multiwavelength GNC data (Cristóbal-Hornillos et al. 2009 ). This association of the slope change in NIR GNCs and the late build-up of massive red objects were supported by Barro et al. (2009) , who showed via GNCs by redshift bins, that the slope change in NIR GNCs was caused by a prominent decrease in the number density of L ∼ L * objects at 0.8 < z < 1. However, neither the galaxy population nor the mechanism responsible for the slope change in the K-band GNCs have been observationally identified or confirmed yet.
In order to test observationally whether the slope change in NIR GNCs is really a trace of the recent build-up of massive E-S0's or not, we have analysed the contribution to the total K-band GNCs of the various galaxy morphological types (in particular, the E-S0's) at 0.3 < z < 1.5. The results obtained have been compared with the predictions of several galaxy evolution models in order to shed some light on the mechanisms responsible for this feature in NIR GNCs. Grazian et al. (2009) proposed that the discrepancies between models and GNC data could be evaluated in more detail by dividing the counts into redshift bins, as was done by Barro et al. (2009) . GNCs in redshift bins can disentangle global evolutionary effects that may depend on the redshift, and that are mixed in the total GNC, thereby at the same time avoiding the large uncertainties associated with LF estimates (see above). We have therefore also derived the GNCs of E-S0's by wide redshift bins in our sample in order to compare with the expectations from the models.
The paper is organized as follows. In §2 we describe the data and the procedure used to derive GNCs by redshift bin and by morphology in the K band. In §3, we provide a brief outline of the GNC models with which we have compared our observational results. The results are described and discussed in §4. Section 4.1 discusses the results derived directly from the observational GNCs obtained here concerning the nature of the slope change in NIR GNCs. In §4.2, we show the clues to the evolutionary mechanisms of massive E-S0's that arise from the comparison of GNC data with the predictions of the models. The conclusions are finally provided in §5. We use a concordant cosmology throughout the paper (ΩM = 0.3, ΩΛ = 0.7, H0 = 70 km s −1 Mpc −1 , see Spergel et al. 2007 ). All magnitudes have been converted into the Vega system. Figure 1 . Colour-magnitude diagrams for the P13 observational sample with K < 19.5 mag in the three wide redshift bins (0.3 < z < 0.7, 0.7 < z < 1.1, and 1.1 < z < 1.5) considered in that study. Red and blue galaxies, according to the criteria used by P13, are plotted with red crosses and blue diamonds, respectively. The median errors for the observational data in each axis are plotted in the bottom-left corner of each panel. Top panels: rest-frame (U − B) colour vs. rest-frame absolute magnitude in the B band, M B,rest−frame , for the galaxies in the P13 sample, using the values available in the Rainbow database. The red dotted line corresponds to the fit to the red sequence E-S0 galaxies obtained by van Dokkum et al. (2000) , and the green solid line is the same line shifted downwards by 0.25 mag to pass through the valley between the red and blue galaxies (usually used as a cut to distinguish between red and blue populations; e.g. Willmer et al. 2006) . Bottom panels: available apparent colours nearest to the rest-frame (U − B) colour at each redshift interval vs. M B,rest−frame for the same galaxies. Horizontal red solid lines: colour cuts defined by P13 to distinguish between red and blue galaxies on the basis of apparent colours. Lines limited by stars: theoretical trends followed by different galaxy types within the redshift interval of each frame, modelled assuming standard SFHs starting at z f = 3 and characteristic physical properties according to observations. These trends have been obtained with the stellar population synthesis models by Bruzual & Charlot (2003, see the text for details). A stellar mass of log(M * /M ⊙ ) = 11 has been assumed for all models. Red: E-S0 galaxy. Yellow : Sa-Sab. Green: Sb-Sbc. Blue: Sc-Scd. Purple: Sd-Irr. Pink : Dust-reddened starburst galaxy with A V = 3.0 mag. [A colour version is available in the online version.]
DATA AND GNC ESTIMATION
This study is based on the data, selection, and classification procedures by Prieto et al. (2013, P13 hereafter) . Detailed information is provided in the original paper, so here we provide only a brief description.
We have used broad band photometric data (U , B, V , I, J, and K) from the Rainbow Extragalactic Database 1 (Barro et al. 2011a) Groth et al. 1994; Ratnatunga et al. 1999; Simard et al. 2002) . The database contains photometric data from the UV to the FIR over this field, as well as diagnostics derived from the fit of the spectral energy distributions of nearly 80 000 galaxies selected in IRAC bands. We have used photometric redshifts available in this database, with an accuracy of ∆z/(1 + z) ∼ 0.03 (see fig. 2 in P13). The precision of the photometric redshifts (measured as the 68% confidence interval in the probability distribution function of the redshift estimates around the most probable photometric redshift computed with the Rainbow code) differ according to redshift, but are typically below ∆z phot ∼ 0.08 (see table 2 in Barro et al. 2011b ). The depths reached are typically B ∼ 26 and K ∼ 21 mag. We started with a sample of ∼850 sources with K < 19.5 mag at 90% completeness in terms of detection. This sample is complete in detection at the 100% level for K < 18.5 mag, thus ensuring total completeness of the GNCs down to this limiting magnitude. Consequently, the data adequately cover the range of magnitudes in which the slope change in the K-band GNCs appears without requiring efficiency corrections. We preferred to avoid such corrections because they often fail to recover the true GNC distribution owing to data errors and unrealistic assumptions adopted in the models developed to estimate them (see comments concerning this in, e.g., Cristóbal-Hornillos et al. 2003; Eliche-Moral et al. 2006b ).
In order to understand the differences between the GNCs in NIR and UV-blue bands, we first classified the galaxies according to their colours into those belonging to the red sequence or the blue cloud. This bimodality in the basic properties of galaxies can be traced up to z ∼ 2 (Kodama et al. 2007; Williams et al. 2009; Brammer et al. 2011; Whitaker et al. 2011) . The rest-frame U − B colour is usually used for this purpose. This colour traces the 4000Å break, a spectral feature characteristic of evolved stellar populations, so it is a good discriminator between really quiescent (red) and star-forming (blue) galaxies. However, we had to perform this classification in terms of apparent, instead of rest-frame, colours because of the large uncertainties in these latter that result from the propagation of the errors in the photometric redshifts and magnitudes.
We illustrate this problem in Figure 1 . In the top panels, we plot the distribution of our galaxies in the restframe U − B vs. MB diagram for three wide redshift bins (0.3 < z < 0.7, 0.7 < z < 1.1, and 1.1 < z < 1.5). We have overplotted the linear fit performed to describe the location of the red sequence by van Dokkum et al. (2000) , as well as the limit used by Willmer et al. (2006) to isolate the galaxies on the red sequence from those lying in the blue cloud. We have represented the median error bars in both axes in each panel. Attending to the typical errors in our rest-frame U − B estimates, it is obvious that we cannot robustly assign a colour class to the galaxies on the basis of a colour-magnitude cut in this diagram as in the one defined by Willmer et al.. This prevented us from trusting these rest-frame colours for making the red-blue distinction in our sample.
We used instead the observed apparent colour from our dataset that traces the rest-frame U − B more closely at the centre of the three wide redshift bins under consideration (U − V , B − I, and V − K for the low-, middle-, and highredshift intervals, respectively). We show the distribution of these colours for our galaxies as a function of the rest-frame MB in the bottom panels of Fig. 1 for the three redshift bins. The apparent colour distributions also exhibit the wellknown bimodal distribution of galaxies into red and blue populations (as do the rest-frame U − B diagrams), with the advantage of having much lower errors in the colours (compare the median error bars in these diagrams with those in the corresponding rest-frame diagrams at the top panels). Therefore, the classification into red and blue galaxies is much more reliable for our data if it is defined according to these apparent colours.
We thus defined the colour cuts assuming Gaussianshaped distributions for the red and blue galaxy populations in the histogram of the apparent colour corresponding to each redshift bin. The cut was defined as the point where the fitted Gaussian distributions crossed. The blue and red distributions were clearly defined in the first two redshift bins, but not in the last one. We defined the colour cut in the highest redshift interval by ensuring that it selected similar galaxy types to those defined in the lower redshift bins. For this purpose, we used the evolutionary tracks followed in colour-redshift diagrams by characteristic galaxy types, as derived from the stellar population synthesis models by Bruzual & Charlot (2003) . The resulting cuts were (U − B) = 1.4 mag for 0.3 < z < 0.7, (B − I) = 2.7 mag for 0.7 < z < 1.1, and (V − K) = 4.5 mag (see Fig. 3 in P13) .
In Fig. 1 we have also plotted the locations expected for some of these models in the colour-magnitude diagrams for each redshift interval. We overplot the colours and magnitudes expected for a typical E-S0, Sa-Sab, Sb-Sbc, ScScd, Sd-Irr, and dust-reddened starburst galaxies, as defined by the parameterizations provided for the star formation histories (SFHs) and the characteristic physical properties (metallicity, dust extinction, e-folding timescale for the star formation) of each type defined in Eliche-Moral et al. (2010b, EM10 henceforth) , based on observational studies (see § §3.1 and 3.4 for more information). The star formation is set to start at z f = 3 for all types, and a stellar mass of 10 11 M⊙ is assumed for them all. The top panels of the figure shows that E-S0's and dust-reddened star-forming galaxies are expected to lie in the region of 'red galaxies' according to the colour cuts defined in the rest-frame U − B diagrams for all redshifts, whereas early-type spirals would lie in the green valley and late-type spirals in the blue cloud. According to the cut defined by Willmer et al. (2006) , E-S0's, dustreddened starbursts, and Sa-Sab's would be identified as 'red galaxies', and spirals of types later than Sb lie would be 'blue galaxies'. In the bottom panels, the equivalent colour cuts defined in P13 in the apparent colours basically distinguish between the same galaxy models, thus ensuring that these colour cuts select homogeneous samples of galaxy populations in the whole redshift interval in a similar way to those defined in terms of rest-frame colours (see Figs. 3 and 4 and § 3.1 in P13 for more details).
Additionally, colour-colour diagrams were used to remove stars from the sample. We have finally got a red galaxy sample with 302 systems and a blue one of 536 objects with K < 19.5 mag. The blue galaxy sample basically consists of star-forming spirals. The P13 study was centered on the build-up of the red sequence, so no morphological classification was performed for blue galaxies. In the present study, we show that the slope change in the K band is not related to this galaxy population, in the sense that the GNCs of blue galaxies do not exhibit any change of trend at 16 < K < 19.5 (see §4.1). Therefore, we will consider that blue galaxies make up an independent galaxy type throughout the paper and we will not distinguish different morphological types among them.
In the red sample, however, we have used the visual morphological classification developed by P13. The classification criteria were centered on the global morphology of the galaxy (if it was a spheroid, or a disc-dominated object) and the distortion level of the whole galaxy body (whether the galaxy was 'regular', in the sense of poorly distorted morphology, or 'irregular', meaning that it exhibited a significant distortion). The definitive visual classification accounted for the median results of three independent classifiers. We used surface brightness isophotes and surface maps in the I band (besides the images) to identify structural distortions and morphological features. This band was selected for the visual classification because it is the reddest optical band with the best spatial resolution available in the data set.
Spheroid-dominated galaxies were defined as those exhibiting central light concentrations resembling those of nearby E-S0's (i.e. the central bulge controlled the surface brightness profile up to at least one third of the galaxy size). We identified as 'irregular or distorted' galaxies only those with morphological features characteristic of major mergers, such as train-wreck morphologies, equal-length tidal tails, or double nuclei objects with high and similar brightness, following the methodology by Jogee et al. (2009) . We thus avoided the inclusion of galaxies at an early stage of a major encounter, undergoing minor mergers, or experiencing inhomogeneous starbursts along their discs into this 'irregular' class. However, some contamination by these objects cannot be excluded. Consequently, attending to the global morphology and structural distortion level, P13 defined six major exclusive classes of red galaxies:
• Compact galaxies.-Galaxies exhibiting compact morphologies, according to the seeing of the images. The number of these objects in the sample was negligible.
• Regular Spheroids.-Galaxies dominated by a central spheroid, with regular isophotes.
• Regular Discs.-Galaxies dominated by a disc component with regular isophotes.
• Irregular Spheroids.-Galaxies with irregular isophotes, dominated by an spheroidal component.
• Irregular Discs.-Galaxies with irregular isophotes, dominated by a disc.
• Non-Classified.-Galaxies that could not be classified owing to their faintness or noise. The number of these objects was negligible too.
The visual classification was validated by comparing the results with the automatic classifications resulting from two quantitative parameters known to be proxies of the concentration and distortion level. The tests developed to estimate the robustness of the visual classification are detailed in §4.2 of P13.
We have estimated the GNCs for red regular spheroiddominated (basically, E-S0's), and red regular discdominated (hereafter, 'red disc') galaxies, as well as for red galaxies with highly distorted morphologies and blue ones. The GNCs obtained at 16 < K < 18.5 mag are listed in Table 1 , both in total and for each galaxy class. The errors listed in the Table account quadratically for the statistical counting uncertainties at the 84.13% confidence level (Gehrels 1986 ) and the classification errors. The uncertainties due to classification are estimated as the square root of the quadratic mean of the statistical errors of the three independent classifications.
In Table 2 , we list the K-band GNCs that we have obtained for red regular spheroidal-dominated systems (E-S0's) in different redshift bins and for the whole redshift range from z = 0.3 to z = 1.5. The errors listed in the table correspond to the quadratic summation of the squared uncertainties associated with statistical counting, classification error, and uncertainties associated with cosmic variance, which have been estimated as described below. We have not accounted for the uncertainties due to redshift errors because they were negligible for the redshift bins under consideration (see P13 for more details).
We have derived cosmic variance estimates associated with our sample using the model by Moster et al. (2011) , which predicts the cosmic variance associated with a galaxy population of a given stellar mass considering a ΛCDM cosmology and the galaxy bias. These authors have kindly made a cosmic variance calculator publicly available (QUICKCV, see Newman & Moster 2014) , which provides the root of the cosmic variance of galaxies (σgg) expected for different stellar mass bins in different redshift intervals for a survey of a given geometry.
The objects dominating the GNCs of quiescent galaxies in each redshift bin are those with L ∼ L * , because the LF of these objects always has a decreasing slope at faint magnitudes at all redshifts up to z ∼ 2 (in fact, α > −0.6 at z 2 for this galaxy population, see Arnouts et al. 2007; Cirasuolo et al. 2007 ). The stellar mass typical of quiescent galaxies with L ∼ L * rises from ∼ 2 × 10 11 M⊙ to ∼ 3-5 × 10 11 M⊙ from z ∼ 0 to z ∼ 1.5, considering the typical brightening experienced by this galaxy population and the evolution of the mass-to-light ratio in the K band derived for these objects by Arnouts et al. (2007) . This means that the objects that control the GNCs of E-S0's at all magnitudes (L L * ) have stellar masses M * 10 11 M⊙ up to z ∼ 1.5. For galaxies with stellar masses log(M * /M⊙) > 11 (henceforth, simply 'massive'), the model by Moster et al. predicts that the fractional error (σgg/N ) is up to ∼28-30% for the redshift bins and the field considered here. Therefore, our GNCs of E-S0's by redshift bin are affected by cosmic variance uncertainties of ∼30% at most. We have included this maximum uncertainty in the errors of the GNCs of E-S0's by redshift bin in Table 2 , as noted above. Table 3 also shows results on the GNCs of E-S0's by redshift bin, but for wider redshift intervals (0.4 < z < 0.8, 0.6 < z < 1.0, and 0.8 < z < 1.2) than those used in Table 2. We have derived them in order to reduce the errors associated with the distributions of GNCs of E-S0's in narrow redshift bins, by raising the statistics and reducing the cosmic variance uncertainties. This allows us to derive more robust conclusions from the comparison with the models, as we show in §4.2.3. The errors in Table 3 also account for statistical counting and classification errors, as well as for cosmic variance uncertainties, which are reduced to 15% for these redshift bins. Note that these wide redshift intervals overlap.
GNC MODELS
We have compared the results obtained on GNCs in the K band in Sect. 2 with the predictions of different evolutionary models, in order to shed some light on the evolutionary mechanisms responsible for the slope change at K ∼ 17.5 mag. The models used for comparison were the following: Table 1 . K-band GNCs, both total and by galaxy type as defined in P13
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Red normal disc-dominated Blue galaxies Total ‡ The ∆ l and ∆u errors are defined as ∆ l ≡ log(N ) − log(N − σ l ) and ∆u ≡ log(N + σu) − log(N ), where σ d and σu correspond to the lower and upper errors due to statistical counting and classification uncertainties in each case. ♮ The data in this last magnitude bin are not complete in detection.
(i) a model assuming PLE for all galaxy types, including the E-S0's (Eliche-Moral et al. 2010a);
(ii) the Kitzbichler & White (2007) model (KW07 hereafter), based on the ΛCDM scenario of the Millenium simulation;
(iii) the EM06 model, assuming a recent buildup of E-S0's at z = 1.5 and moderate dust extinction at the initial evolutionary stages of these galaxies; and (iv) the EM10 model, proposing a hierarchical scenario for the formation of massive E-S0's based on observational major merger rates up to z ∼ 1.5.
The two first ones are already known to not reproduce the slope change of the K-band GNCs (Kitzbichler & White 2006 , but they are used here as a reference. We have compared the expectations of these four basic models with our observational GNCs in §4. Below, we provide a brief description of the basic assumptions and main characteristics of each model.
PLE model for E-S0's since z = 3
The PLE model assumes that the stellar populations of all galaxy types have just evolved according to an SFH characteristic for each type, but no number evolution is considered (Eliche-Moral et al. 2010a) . We have used the NCMOD code by Gardner (1998) to predict the GNCs in different bands. The code starts from the local LFs of different galaxy types and evolves them backwards in time by considering three sources of evolution: the number evolution according to Gardner's implementation of merging (it is switched off in this case of PLE), the typical luminosity evolution of each galaxy type due to the SFH assumed for it (including kand e-corrections), and the evolution of the volume element derived from the assumed cosmology. The 'counter-evolved' LF of a given morphological type at each redshift is used to estimate the contribution of these galaxies to the total GNCs at a given magnitude and photometric band.
The galaxy types considered at z ∼ 0 in the PLE model have been the same as those used in EM10 (E-S0, Sa-Sab, Sb-Sbc, Sc-Scd, and Sd-Irr). The Schechter functions of the LFs at z = 0 for each type are described in table 1 of EM10. The SFH of each galaxy type is fixed through the star formation rate (SFR) assigned to each type and the redshift at which the star formation activity in each galaxy class starts (z f ). In general, exponential functions have been used to represent the SFRs of spirals, instantaneous bursts for E-S0's, and constant SFRs for Sd-Irr and Im types. Different exponentially decaying timescales have been considered for spirals, according to observations (τ = 4, 7, and 9 Gyr for Sa-Sab, Sb-Sbc, and Sc-Scd respectively, see Gallazzi et al. 2005) . The characteristic metallicity of each type has also been fixed according to Gallazzi et al. (2005) . The complete set of parameters for describing the SFH and metallicity of each type can be found in table 2 of EM10. The dust extinction for each type was set to typical observational values, as in the EM10 model (see §3.4 for more details). We have assumed z f = 3 for all types.
Hierarchical assembly of E-S0's based on the Millenium Simulation (KW07 model)
In order to test a hierarchical scenario of galaxy formation, Kitzbichler & White (2007, KW07 hereafter) compared the GNCs predicted in the ΛCDM cosmological framework of the Millenium simulation 2 with data in various bands. They derived the GNCs by constructing deep light-cone surveys from the attaching of semianalytic models of galaxy formation to the merging trees of the dark matter derived in the simulation (Springel et al. 2005 ). The models accounted for the baryonic processes in the haloes and sub-haloes, including the 'radio mode' feedback from the central galaxies in groups and clusters, and were very successful in reproducing several global properties of the galaxy population De Lucia & Blaizot 2007) .
KW07 already showed that this model reproduced the data of GNCs in optical bands, but predicted an overabundance of massive galaxies at z > 1 that were too red, despite the hierarchical nature of the scenario (see also Grazian et al. 2009 ). We have compared our results with the total GNCs in several bands derived by these authors.
Ad hoc buildup of E-S0's at
The EM06 model considered that the whole population of early-type galaxies appears on the cosmic scene at the same epoch (z ∼ 1.5), but the model does not assume any mechanism for it. This framework is an obvious over-simplification of reality because the history of the specific SFR of presentday E-S0's points to a progressive build-up of their stellar populations, with star-formation peaks at some epochs depending on the mass (Thomas et al. 2010; Choi et al. 2014) . However, this model mimics a late structural assembly of E-S0's by approximating the redshift at which this build-up takes place by the redshift in which the bulk of their stars are born (z f = 1.5 in this model).
The model is based on the original implementation of the NCMOD code (see §3.1 for a brief description). It assumes four galaxy types (E-S0, S0/a-Sb, Sbc-Sd, and Im), taken from the local LFs derived using SDSS data from Nakamura et al. (2003) . Note that these are coarser than those used in the PLE and EM10 models (their Schechter parameterizations are listed in table 11 of EM06). The redshift formation of all spiral types has been set to z f = 3, whereas z f = 1.5 for E-S0's. Similar SFHs and metallicities to those commented on in the PLE model were adopted in this model, including instantaneous starbursts for the E-S0 type (consult table 12 in EM06).
The merging procedure implemented in the original NCMOD code was assumed but only affected the faint end of the GNCs (and that very negligibly), so we can neglect their effects here (see comments in EM06). The effects of dust extinction were already considered in the original NCMOD code. An average value of the B-band optical depth of τ dust,star = 0.6 was assumed for all morphological types (also for E-S0's). This value implies the consideration of strong dust extinction in the early phases of E-S0's, which was essential to avoid the appearance of a bump at faint magnitudes in the GNCs of blue optical bands caused by the blueish colours of these galaxies during the ∼1 Gyr period after their build-up at z = 1.5 (see §1). As the EM06 model is not limited in magnitude range, it provides estimates on GNCs for all apparent magnitudes.
Progressive hierarchical assembly of E-S0's (EM10 model)
In order to test the feasibility of the hierarchical origin of massive E-S0's (M * > 10 11 M⊙), EM10 studied how the population of massive early-type galaxies would evolve backwards in time under the assumption that they have derived from the major mergers that are observationally reported at each redshift up to z ∼ 1.5 (see also Eliche-Moral et al. 2010c) . Therefore, the EM10 model simulates a more realistic scenario for the build-up of massive E-S0's than the EM06 model, and distinguishes between the redshift of structural assembly of an E-S0 (z assembly ) and the redshift at which the bulk of stars in the final galaxy formed in its progenitors (z f ). In this model, the build-up of the local massive E-S0 population is progressive and can span a wide range of redshift values z assembly .
The basic assumption of the model is that each major merger registered by observations has given rise to an E-S0 galaxy, which is a reasonable hypothesis accounting for the typical gas contents of galaxies at z < 1.5 (see references in EM10). The model accounts for the relative contribution of dry, mixed, and wet mergers, the existence of transient stages of major mergers with strong dust extinction and irregular morphologies (in which both galaxies have already merged into one body), and the typical timescales of these phases.
The model predictions are limited to MB < −20 mag, which is the limiting magnitude of the observational sample used to derive galaxy merger rates. This limiting magnitude implies that the model can only trace back in time the evolution of E-S0's brighter than this magnitude at all redshifts because this is the only galaxy type assumed to be affected by the 'inverse merging' of the model (i.e. it is the only one assumed to derive from major merging). This limits the model predictions to the E-S0 population that ends up with M * > 10 11 M⊙ at z = 0 (see EM10 for more details). Therefore, the E-S0's sampled by the model at each redshift present lower masses as the model simulates the evolution backwards in time, not just because of the inverse SFH assumed for them (which is passive), but also because they include the gas-poor progenitors of the decomposed E-S0's, which obviously have lower masses than the remnant E-S0. The mass ratio of each encounter is randomly distributed between 1:1 and 3:1, meaning that the masses of the progenitors range from ∼30% to ∼60% of the stellar mass of the E-S0 resulting from the merger. The model distributes the estimated total number of major mergers occurring at each redshift according to the trends with the mass derived from observations and cosmological simulations (De Lucia & Blaizot 2007; Fontanot et al. 2009 ). The remaining Hubble types under consideration experience only luminosity evolution, except for the late-type discs, which also increase its population at the expense of the gas-rich progenitors of the E-S0's that are being decomposed at each redshift.
The model was computed with an improved version of the NCMOD code. The local galaxy types considered were thinner than those assumed in the EM06 model (E-S0, Sa-Sab, Sb-Sbc, Sc-Scd, and Sd-Irr). The parameterizations of the LFs, SFHs, and metallicities of each type are the same as those described in the PLE model ( §3.1). All types have the redshift of start of their SFHs at z f = 3 (including the E-S0's).
In this model,which is strictly based on observations and on robust computational results, a more realistic treatment of the effects of major mergers on the LF of E-S0's was implemented. The model considered the different phases and time-scales in a major merger. Because the structural distortion and dust extinction of a merger remnant depend strongly on the characteristics of the progenitor galaxies, the model considered different properties of the E-S0 remnants during their transient relaxation phase, depending on whether they derive from a gas-rich or gas-poor encounters, according to the observed fraction of each merger type taking place at each redshift (Lin et al. 2008) . The model assumed that the galaxies undergoing transient intermediateto-advanced stages of major mergers had globally distorted morphologies and should be very red because of the strong dust reddening associated with the merger-induced starbursts in gas-rich events, or owing to the lack of star for-mation in gas-poor mergers. This is why the galaxies predicted to be undertaking an advanced stage of a gas-rich major merger were called dust-reddened star-forming galaxies (DSFs) in EM10. However, because we have dust-reddened starburst galaxies in our sample that are not necessarily related to major mergers, we will refer more specifically in the model to these galaxies as advanced stages of major mergers.
The dust extinction procedure in the original NCMOD code was improved by allowing the various galaxy types to acquire a different τ dust,star according to observational values (see table 2 in EM10). The E-S0's were assumed to have little dust extinction, in better accordance with observations (τ dust,star = 0.1 in the B band). For the intermediate-toadvanced stages of gas-rich major mergers, the model assumed a high dust extinction (τ dust,star = 0.6).
The limiting magnitude constrained by the observational merger rates basically traces the knee of the LF in the K band (see fig. 6 in EM10) and limits the model predictions of GNCs to K 18 mag. The EM10 model cannot therefore provide any estimates on the slope change in the K-band GNCs beyond K ∼ 18 mag by construction. This limiting magnitude is equivalent to the following limits in other bands: U ∼ 25, B ∼ 25, V ∼ 25, R ∼ 24.5, I ∼ 24, z ∼ 23.5, J ∼ 20.5, and H ∼ 19.5 mag. Nevertheless, we will show that it complements the simple scenario proposed in the EM06 model and provides very interesting clues to the nature of the NIR slope change when compared with the observational diagnostics derived in the present study.
According to this model, the bulk of the local massive E-S0's underwent advanced stages of major merger events that assembled them at 0.6 < z < 1.2, which means that these mergers started at 0.8 < z < 1.5 approximately. Note that the EM06 and EM10 models share two key ingredients: 1) the massive E-S0's were definitively assembled in the universe at late epochs (z 1.5), and 2) they had experienced stages of extreme dust extinction in the early stages of their assembly. However, the EM06 model does not assume any mechanisms to explain this build-up, whereas the EM10 directly tests whether major mergers since z ∼ 1.5 could have built them up or not. We remark that the model can follow the evolution of Hubble types later than E-S0's at all masses, but only of E-S0's which have M * > 10 11 M⊙ at z = 0.
RESULTS AND DISCUSSION
In §4.1, we first comment on the results concerning the nature of the K-band slope change that can be directly derived from the observed GNCs by morphological types and of E-S0's by redshift bins obtained in this study. We compare these and other GNC data from the literature with the predictions of different galaxy evolutionary models in §4.2.
Observational results
GNCs by galaxy types in the K band
In Fig. 2 , we represent the GNCs in the K band obtained in the present study for total, E-S0's, red highly distorted galaxies, red regular discs, and blue galaxies (see Table 1 ). We have overplotted the GNC compilation of complete data performed in the band by CH03, in order to check the reliability of our results by comparing with independent studies. Our total GNCs computed for galaxies at 0.3 < z < 1.5 agree pretty well with the data obtained by other authors for magnitudes brighter than our completeness limit (K ∼ 18.5 mag) down to K ∼ 16 mag, where our sample starts to suffer from poor statistics owing to its area. Therefore, the figure indicates that the total GNCs at 16 < K < 18.5 mag are made up by the galaxy populations at 0.3 < z < 1.5.
The figure also shows that the galaxy types that experience a change in the slope of their GNCs around K ∼ 17.5 mag are E-S0's and red discs. However, the contribution of red discs to the total GNCs is negligible at these magnitudes, meaning that the slope change in total K-band GNCs is caused by a change in the trend of the GNCs of E-S0 galaxies. This decrease in the contribution of E-S0's to the total GNCs at K ∼ 17.5 mag contrasts with the rising contributions of blue galaxies and red distorted galaxies, which preserve their rising slope up to K ∼ 18.5 mag. Figure 2 demonstrates that the slope change at K ∼ 17.5 mag is due to a change of the galaxy population that numerically dominates the total K-band GNCs: from the quiescent regular E-S0's at K < 17.5 mag to blue discs at K > 17.5 mag. This is the first direct observational evidence for the fact that E-S0's are the galaxy population responsible for the slope change (as proposed by so many studies, see §1), because the slope of the total GNCs decreases at this magnitude owing to a flattening of the contribution of E-S0's at K > 17.5 mag (which slightly decreases, instead of continuing to rise, as observed at brighter magnitudes).
GNCs of E-S0's by redshift bins in the K band
In order to find out the range of redshifts of the E-S0's responsible for the slope change, we have represented the K-band GNCs of E-S0's by redshift bins in Fig. 3 . The top panel shows the distributions for narrow redshift bins (data in Table 2 ), while the bottom panel represents the results obtained for the three wide overlapping redshift bins (see Table 3 ). We have overplotted the total contribution of E-S0's at 0.3 < z < 1.5 from Fig. 2 as a reference in both panels. The large error bars in the top panel prevent us from deriving any conclusions. However, the GNCs of E-S0's in the wider redshift bins of the bottom panel have more reasonable errors that enable us to derive some conclusions.
The bottom panel of Fig. 3 shows that the slope of the total GNCs of E-S0's at bright magnitudes decreases at K ∼ 17.5 mag because the contribution of these galaxies flattens or decreases at K > 17 for all redshift bins. The E-S0's that should dominate the GNCs at fainter magnitudes according to the extrapolations of their trends at brighter magnitudes are those located at 0.6 < z < 1.0 and 0.8 < z < 1.2. However, their contributions decrease instead of contributing to raise the GNCs at fainter magnitudes. This is consistent with the results by Barro et al. (2009) , who claimed that the galaxies responsible for the slope change were at z < 1 (although these authors did not identify the type of galaxies). We will show that these GNCs of E-S0's by redshift bins provide evidence of a noticeable number evolution of massive E-S0's at z > 0.6 when compared with the models (see §4.2.3).
In conclusion, the K-band morphological GNCs for dif- Table 2 . K-band GNCs of red regular spheroid-dominated galaxies (E-S0's) in narrow redshift bins 0.3 < z < 1.5 0.4 < z < 0.6 0.6 < z < 0.8 0.8 < z < 1.0 1.0 < z < 1.2 ‡ The ∆ l and ∆u errors are defined as ∆ l ≡ log(N ) − log(N − σ l ) and ∆u ≡ log(N + σu) − log(N ), where σ d and σu correspond to the lower and upper errors due to statistical counting, classification, and cosmic variance uncertainties in each case. ♮ The data in this last magnitude bin are not complete in detection. Table 3 . K-band GNCs of red regular spheroid-dominated galaxies (E-S0's) in wide overlapping redshift bins 0.3 < z < 1.5 0.4 < z < 0.8 0.6 < z < 1.0 0.8 < z < 1.2 ‡ The ∆ l and ∆u errors are defined as ∆ l ≡ log(N ) − log(N − σ l ) and ∆u ≡ log(N + σu) − log(N ), where σ d and σu correspond to the lower and upper errors due to statistical counting, classification, and cosmic variance uncertainties in each case. ♮ The data in this last magnitude bin are not complete in detection.
ferent galaxy types and the GNCs for E-S0's in redshift bins evidence that the slope change in the NIR GNCs is caused by a change in the contribution of E-S0's at 0.6 < z < 1.2 with respect to the expectations derived from the extrapolations of their trends at brighter magnitudes. We note that many studies had previously proposed this fact (see §1), but this is the first time that it is shown directly with observational data.
Clues derived from the comparison with evolutionary models
In this section, we compare the GNC data derived in the present and other studies with the predictions of the models commented on in §3. We show that a number of conclusions can be derived in this way concerning how rapidly the massive end of the red sequence was established during the last ∼ 9 Gyr.
4.2.1
Total GNCs from the NUV to the NIR: evidence of a relatively late definitive build-up of L ∼ L * E-S0's Figure 4 compares GNC data in several broad bands from the NUV to the NIR together with the predictions of the four evolutionary scenarios indicated in §3. The predictions of the PLE, EM06, and EM10 models are plotted for all bands. The KW07 model is plotted only for the U , B, R, I, and K filters for clarity. The figure uses the compilation of published GNCs performed by N. Metcalfe 3 for the R, I, and H bands and for several fields. The data and the equations used to convert between bands and the AB and Vega systems are detailed in his webpage. In the K band, we have overplotted the total GNCs obtained in this study, as well as the dataset of complete GNCs data compiled by CH03. The selection of complete data reduces the typical dispersion between authors owing to different extraction procedures, differences in the filters, and/or cosmic variance between the fields, which usually smudge the slope change at Figure 2 . Observational GNCs in the K band obtained in this study for all galaxies (total), E-S0's, blue galaxies, red highly distorted galaxies, and red regular discs (see the legend in the figure) . Vertical dotted line: limiting magnitude for 100% completeness of our data. Black filled circles: complete GNCs dataset compiled by CH03 in the K band from the literature, plotted for comparison (Gardner et al. 1993; Djorgovski et al. 1995; McLeod et al. 1995; Huang & Carlberg 1997; Minezaki et al. 1998; Szokoly et al. 1998; Totani et al. 2001, CH03) . Solid lines: fits performed to the bright and faint ends of the GNCs by CH03. The slopes obtained by these authors are indicated in the figure. Black arrow : location of the slope change in total GNCs. [A colour version is available at the online version.] K ∼ 17.5 mag. We have also represented the deep GNCs obtained by Retzlaff et al. (2010) in UDF and GOODS-South fields in the J, H, and K bands. References for all data in the figure are provided in the caption.
The PLE model cannot fit the GNC data at faint magnitudes in any band, as shown in Fig. 4 . The predictions of PLE are above the data in the K band and below them in blue optical filters. In particular, the PLE model rolls over at K ∼ 20 magnitude, basically because of the evolution of the cosmological volume element, the change in the k-corrections in the K band from being positive to negative, and the different shapes of the LFs representing E-S0's and spirals (Bershady 2003) . However, this slope change appears to be ∼2.5 mag deeper than the observational slope change at K ∼ 17.5 mag. This mismatch indicates that the PLE model predicts too few blue galaxies and too many red ones at high redshifts, which clearly indicates the existence of a conversion of blue into red galaxies in the universe (see references of previous studies already stating this in §1).
The KW07 model fits the observations pretty well in the U , B, R, and I bands, but clearly fails to reproduce total GNCs in the K band faintwards of K ∼ 19 mag. This discrepancy was already noticed by these authors, who concluded that the evolutionary scenario of the Millenium sim- Figure 3 . Observational K-band GNCs of E-S0 galaxies obtained in the present study for different redshift bins up to z < 1.2 (see the legend in the figure) . The total GNCs of E-S0's in the band for 0.3 < z < 1.5 from Fig. 2 ulation 'overpredicts the abundance of moderately massive galaxies at high redshift, despite the fact that late merging plays a major role in the build-up of its more massive galaxies'. This statement means that massive galaxies are being assembled at earlier times in the model (in fact, at z > 2) than in the real universe. This model may be missing some physical mechanisms that delay the definitive major assembly of these galaxies until later epochs (at z < 1.5), according to the total GNCs from NUV to NIR bands. Grazian et al. (2009) also compared deep U and K Figure 4 . Predictions of the models on the total GNCs from the NUV to the NIR bands compared with real data (coloured circles). The GNCs of each band has been displaced in the magnitude axis by a constant for clarity, as shown in the legend of data colours at the top. Black solid lines: predictions of the EM10 model in all bands. Green dotted-dashed lines: predictions of the EM06 model in all bands. Light-blue long-dashed lines: predictions of the KW07 model in the U , B, R, I, and K bands. Grey dashed lines: predictions of the PLE model for all bands. This figure uses the compilation of published GNC data by N. Metcalfe in the R, I, and H bands based on CCD imaging. The GNCs for the K band include our total GNCs, the selection of complete data performed by CH03, and the deep data by Retzlaff et al. (2010) .
The references for each band are the following: U band (Songaila et al. 1990; Arnouts et al. 2001; Yasuda et al. 2001; Capak et al. 2004; Radovich et al. 2004; Eliche-Moral et al. 2006b; Grazian et al. 2009; Hoversten et al. 2009; Rovilos et al. 2009 ), B band (Arnouts et al. 2001; Huang et al. 2001; Kümmel & Wagner 2001; Yasuda et al. 2001; McCracken et al. 2003; Capak et al. 2004; Kashikawa et al. 2004; Eliche-Moral et al. 2006b; Rovilos et al. 2009 ), V band (Gardner et al. 1996; Capak et al. 2004) , R band (Couch & Newell 1984; Hall & Mackay 1984; Stevenson 1985; Infante et al. 1986; Koo 1986; Yee & Green 1987; Tyson 1988; Jones et al. 1991; Metcalfe et al. 1991; Picard 1991; Couch et al. 1993; Steidel & Hamilton 1993; Driver et al. 1994; Metcalfe et al. 1995; Smail et al. 1995; Bertin & Dennefeld 1997; Hogg et al. 1997; Metcalfe et al. 1998; Arnouts et al. 1999 Arnouts et al. , 2001 Huang et al. 2001; Kümmel & Wagner 2001; Metcalfe et al. 2001; McCracken et al. 2003; Capak et al. 2004; Kashikawa et al. 2004 ), I band (Hall & Mackay 1984 Koo 1986; Tyson 1988; Lilly et al. 1991; Driver et al. 1994; Casertano et al. 1995; Driver et al. 1995; Glazebrook et al. 1995; Le Fevre et al. 1995; Smail et al. 1995; Gardner et al. 1996; Postman et al. 1998; Arnouts et al. 1999 Arnouts et al. , 2001 Metcalfe et al. 2001; Yasuda et al. 2001; McCracken et al. 2003; Capak et al. 2004 Capak et al. , 2007 Kashikawa et al. 2004 ), z band (Capak et al. 2004 ), J band (Bershady et al. 1998; Väisänen et al. 2000; Saracco et al. 2001; Imai et al. 2007; Cristóbal-Hornillos et al. 2009; Retzlaff et al. 2010 ), H band (Teplitz et al. 1998; Yan et al. 1998; Thompson et al. 1999; Martini 2001; Metcalfe et al. 2001; Chen et al. 2002; Frith et al. 2006; Cristóbal-Hornillos et al. 2009; Keenan et al. 2010; Retzlaff et al. 2010) , K band (Retzlaff et al. 2010 , results derived in the present study, and references in the caption of Fig. 2 
). [A colour version is available in the online version.]
GNCs with the predictions of three hierarchical CDM models (including also the KW07 model, see their figs. 3 and 4). They found large discrepancies at the faint end of the Uband GNCs between the three models that clearly favour the KW07 model. They attributed these discrepancies to differences between the models in the recipes dealing with the star formation activity and dust extinction of the faint galaxy population at z < 2.
The EM06 and EM10 models fit well all the data from NUV to NIR in their ranges of validity. This goodness of fit suggests that they may be describing the buildup of the bulk of the E-S0's more realistically than the PLE and KW07 models in global terms. In particular, the EM06 model, besides reproducing the slope change at K ∼ 17.5 mag, can also predict the faint end of the GNCs in the K band up to K ∼ 24 mag drawn by the data by Retzlaff et al. (2010) . These authors reported that they found no change in the slope of the K GNCs at this very faint end (i.e. for K > 20 mag), so it is extremely significant that the EM06 model reproduces it, whereas the PLE model cannot. Both the PLE and EM06 models assume PLE for all Hubble types later than Sa according to standard SFHs and very high formation redshifts (z f = 3), so, in this sense, they are analogous. They differ basically in that the PLE model assumes that E-S0's appear on the cosmic scene at z f = 3, whereas the EM06 model delays their appearance until z f = 1.5. Therefore, the shape of the total K-band GNCs directly rejects passive evolutionary scenarios for E-S0's from very high redshifts not just because of the slope change at K ∼ 17.5 mag, but also because of their featureless slope at the very faint end.
Although the EM10 has a much shorter magnitude range of validity (see §3.4), it nearly follows the predictions of the EM06 model, in particular, the slope change until K = 18 mag. We note that the EM06 and EM10 models differ from the PLE and KW07 models in that they propose a late build-up of the bulk of the massive early type galaxies (at z 1.5). The EM06 model imposed it ad hoc, whereas the EM10 model derived it naturally from the major mergers registered up to z ∼ 1.5 (assuming that one E-S0 has risen from each observed major merger). In this sense, the EM06 model can be considered a coarser approximation to the scenario proposed in the EM10 model, but with the clear advantage that it can make predictions at all magnitudes, whereas the EM10 model is limited to MB < −20 mag. Therefore, we can complement the predictions of the EM10 model by those of the EM06 model at very faint magnitudes, considering the latter to be a rough sketch of the formation scenario proposed in the former.
Note also that the EM06 and EM10 models are capable of reproducing U -band GNCs down to U ∼ 26-27 mag at least as well as the KW07 model, whereas the PLE model fails to predict them at the faint end. Therefore, models assuming PLE evolution of E-S0's since very high redshifts can be neglected not only by attending to the GNCs in the K band, but also to the deep GNCs in the optical-to-NUV bands. Figure 5 shows the contribution of the various galaxy types to the total GNCs predicted by the EM10 model in the U , B, and K bands, compared with the same observational data as in Fig. 4 . The model is capable of reproducing the slope change until K ∼ 18 mag (the limiting magnitude Figure 5 . EM10 model predictions of the contribution of the various morphological types to the total GNCs in the U , B, and K bands compared to observational data (see references in the caption of Fig. 4) . The region where the predictions of the EM10 model are not valid in each band is shaded in light blue. Black thick solid lines: total GNCs predicted by the EM10 model in each band. Grey dashed lines: predictions of the PLE model on the total GNCs in each band, plotted as a reference. Rest of lines: EM10 model predictions of the GNCs in each band due to the E-S0's (red solid), Sa-Sab's (yellow dashed), Sb-Sbc's (olive green dotteddashed), Sc-Scd's (dark green three dotted-dashed), Sd-Irr's (blue dotted), and red advanced stages of major mergers (purple thick long-dashed). [A colour version is available at the online version.] of the model) and attributes it to a flattening of the contribution of E-S0's to the total GNCs at K 16 mag. The GNCs of the later types (from Sa's to Sd's) do not significantly change the rising trend they exhibit at bright magnitudes after the break. The figure shows that K-band GNCs are controlled by E-S0's up to the slope change. Accounting for the shape of their LF up to z ∼ 2 (Arnouts et al. 2007; Cirasuolo et al. 2007) , NIR GNCs are controlled by L > L * E-S0's up to K ∼ 17.5 mag according to this model. We will also show that the addition of the GNCs from spiral types in the model exceeds the GNCs of E-S0's after the break, so the global scenario proposed by the EM10 model is in good agreement with the observational results that we have derived in §4.1 on the nature of the slope change in the K-band GNCs (see §4.2.4).
To summarize, the observed distributions of total GNCs from the NUV to the NIR bands support a late definitive build-up for the majority of the E-S0 population (at z < 1.5) against the scenarios proposing that they have evolved passively since very early epochs (at z > 2). This late epoch of assembly of massive E-S0's (postulated by the EM06 model and predicted by the EM10 model under the assumption that each observed major merger up to z ∼ 1.5 has produced an E-S0 galaxy) is in good agreement with traditional hierarchical scenarios of galaxy formation (De Lucia et al. 2006 De Lucia & Blaizot 2007) . But it also agrees with the recent results by Choi et al. (2014) , who report that the light-weighted ages of massive galaxies at z < 0.7 indicate that they are noticeably younger than the age of the universe at all redshifts up to z ∼ 0.7, which would suggest an effective single-burst star-formation epoch of z 1.5 for them.
4.2.2
GNCs by redshift bin: evidence of the progressive assembly of massive E-S0's at 0.8 < z < 1.5 Figure 6 represents the predictions of the EM06 and EM10 models on the K-band GNCs by redshift bins, compared to the data derived by Barro et al. (2009) . The predictions of the PLE model are shown in both cases for reference because the PLE scenario for the evolution of E-S0's since high redshifts is rejected when attending only to the total GNCs from NUV to NIR bands ( §4.2.1). In fact, the PLE model adequately fits real data up to z ∼ 0.75 in the figure, but it lies above the observations at z > 0.75, and predicts too many luminous galaxies and too few faint ones at 1.25 < z < 2. This model lacks a physical mechanism that converts massive galaxies into several low-mass components as we counter-evolve galaxy populations backwards in time.
The predictions of the EM06 model (top panels of the figure) are in better agreement with observations for L > L * galaxies than the PLE model, but they fail to reproduce the faint end of the GNC distribution from 0.5 < z < 0.75 back to earlier epochs. Therefore, assuming that most E-S0's formed at z ∼ 1.5 provides a good approximation to the evolution of the bright end of the GNCs by redshift bin, but it does not work for the faint end. This suggests that the build-up of this galaxy population must have taken place at different epochs at z 1.5, i.e. that the assembly of these galaxies at z < 1.5 has been progressive.
In the middle panels of Fig. 6 we show that, within its limitations in magnitude range, the EM10 model reproduces the evolution of the massive end of the K-band GNCs by redshift bin. The growth of massive E-S0's is progressive in this model and basically takes place at 0.8 < z < 1.5, whereas in the EM06 model (top panels) all these galaxies are inserted into the cosmic scenario at z = 1.5. However, the progressive build-up of the massive E-S0's at 0.8 < z < 1.5 in the EM10 model describes the bright end of the total GNCs by redshift bin in the K band in a similar manner as the sudden build-up of these galaxies in the EM06 model. We explain the reason for this below.
We have also overplotted the contribution of the various galaxy types to the total GNCs expected by the EM10 model at each redshift bin in the middle panels of Fig. 6 . The bright end of K-band GNCs is controlled by the E-S0's up to z ∼ 0.75, but another population (those galaxies undergoing advanced stages of major mergers) starts to contribute similarly to the total GNCs from this epoch up to z ∼ 2 in the model. Note that the addition of the GNCs of E-S0's and these advanced stages of major mergers at 0.75 < z < 2 controls the bright end of the GNCs by redshift bin in the K band. The difference from the EM06 model in the top panels is that the EM06 model does not consider the existence of galaxies undergoing major mergers. However, the total K-band GNCs of E-S0's and galaxies in advanced stages of major mergers predicted by the EM10 almost coincides by chance with those of E-S0's expected by the EM06 model at all redshift bins, and they both reproduce the observed data similarly. Therefore, the EM06 model attributes the evolution observed in the bright end of the K-band GNCs by redshift bin as a mere colour evolution of the E-S0's up to z ∼ 1.5 and to their vanishing at earlier epochs, whereas the EM10 model explains it through a progressive build-up of the massive E-S0's at 0.8 < z < 1.5 through the major mergers reported strictly by observation.
In the bottom panels of Fig. 6 , we show the difference between the predictions of the three models and the data by Barro et al. (2009) in dex as a function of the K magnitude. The numbers in each panel correspond to the ratios of the total number of galaxies predicted by each model with respect to the total number of galaxies according to the observational data, integrated down to the limiting magnitude set by the EM10 model in each redshift bin. Attending to the distribution of differences in dex, the predictions of the EM06 seem to fit the data better than the EM10 and PLE models in the range of validity of the EM10 model, but when the integrated ratios are compared, the EM10 model provides better predictions globally than the EM06 model at z > 1. The EM06 model also predicts K-band GNCs higher than those expected by the PLE model by ∼ 0.3-0.5 dex at faint magnitudes for z > 1.
The results of the EM10 model agree pretty well with observational evidence that massive galaxies have experienced passive evolution only since z ∼ 0.7 according to their abundances of metals (Choi et al. 2014) . These authors claim that newly quenched galaxies are added at z < 0.7 only at the lower masses (log(M * /M⊙) < 10.5), which means that the bulk of the build-up of the more massive ones must have taken place at z > 0.7 (in agreement with the predictions of the EM10 model). This growth of the quiescent population only at the lowest masses is also supported by other studies (Hahn et al. 2014) . However, other investigations find evidence of that the brightest quiescent members continue to accrete mass through dry major mergers in clusters at z < 0.6 (Liu et al. 2015) , so the real scenario of the build-up of these galaxies must be more complex.
In summary, K-band GNCs by redshift bin are an observable that directly discards the PLE model at z > 0.8 for massive E-S0 galaxies and the 'sudden' appearance of the whole population at z ∼ 1.5, as proposed by the EM06 model (at least at the faint end). Instead, these GNC data imply a progressive build-up of massive galaxies at 0.8 < z < 1.5. Figure 6 . Predictions of the models of the total K-band GNCs in different redshift bins up to z = 2, compared to the real data from Barro et al. (2009) . Top panels: data compared to the PLE and EM06 models. Middle panels: data compared to the PLE and EM10 models. We also represent the contributions to the total GNCs in each redshift bin by morphological types expected by the EM10 model. The legend for these lines is the same as in the bottom panels of Fig. 5 . Bottom panels: differences in dex between the total GNCs in the K band predicted by the PLE, EM06, and EM10 models and the observational data in each redshift bin as a function of the apparent K-band magnitude. The factors written in each panel at the bottom represent the ratios of the total number of galaxies predicted by each model (PLE, EM10, and EM06) with respect to the total number of galaxies according to the observational data, all integrated down to the limiting magnitude set by the EM10 model at each redshift bin. Yellow squares: observational data obtained by Barro et al. (2009) 
4.2.3
GNCs of E-S0's by redshift bin: this assembly involved ∼ 50% of present E-S0's at least
In Fig. 7 , we compare the GNCs of E-S0's by wide redshift bins obtained in §4.1.2 with the predictions of the EM10 model of the GNCs of E-S0's. The expectations for PLE are shown for reference. We also show the percentages represented by the total number of galaxies predicted by the EM10 model and the data with respect to the expectations of the PLE model for the magnitude range in which the EM10 model is valid. This figure shows that the EM10 model provides predictions much more in agreement with the data than PLE. The GNCs of E-S0's predicted by the EM10 model at the bright end are a factor of ∼2-3 times lower than the prediction of the PLE model at 0.8 < z < 1.2.
Comparison of the real data with the PLE model implies that the number density of massive E-S0's is lower than their local value by a factor of ∼2 at 0.6 < z < 1 and ∼4 at 0.8 < z < 1.2. Similar values are predicted by the EM10 model. The GNCs of E-S0's by redshift bin reveal that more than ∼50% of present-day massive E-S0's have been progressively built up at 0.8 < z < 1.5. The EM10 model attributes most of this assembly to the major merg-ers reported by observations (mainly through wet ones at high redshifts, see EM10). The K-band GNCs of E-S0's by redshift bin thus support the key prediction of the EM10 model that the population of massive E-S0's decreases down to ∼40-50% at 0.6 < z < 1 with respect to the PLE extrapolation of their local population and down to ∼ 20− − 30% at 0.8 < z < 1.2. This numerical decrease of massive E-S0's agrees well with the estimates by Cristóbal-Hornillos et al. (2009) and Moresco et al. (2013) . This finding implies that we may consider the bulk of the present-day massive E-S0 population to have been definitively assembled at z ∼ 0.8-1, so that they may be considered to have been in place since z ∼ 0.6 (i.e. only during the last ∼ 6 Gyr of cosmic history), in good agreement with the results by Choi et al. (2014) noted above.
The EM10 model attributes this build-up entirely to major mergers. If this hypothesis turned out to be approximately true, it would mean that massive galaxies have experienced a growth in stellar mass of a factor ×2 since z ∼1-1.2, which is in good agreement with the recent estimates by Shankar et al. (2015) . These authors also conclude that hierarchical models could explain this growth through major mergers, and that the rate expected for them is very similar to observational estimates, thereby supporting the scenario proposed by the EM10 model as well.
In summary, the K-band GNCs of E-S0's by redshift bin support the claim that present-day massive E-S0's experienced a noticeably progressive assembly at 0.8 < z < 1.5, involving at least ∼50% of their present-day number density. The EM10 model shows that it is feasible to explain this build-up just through the major mergers reported by observations up to z ∼ 1.5.
4.2.4
GNCs by morphological type in different bands: major mergers as possible drivers of this assembly
In Fig. 8 , we show the GNCs in the I band by morphological type obtained by various authors, compared to the predictions of several models. We have overplotted the expectations of the PLE and EM10 models, as well as the GNC predictions by galaxy type derived by Baugh et al. (1996b) from their semianalytic model (Baugh et al. 1996a) . This model predicts the galaxy evolution starting from the power spectrum of primordial density fluctuations, and implementing the effects of different physical processes ruling galaxy formation and evolution, such as gravitational collapse, gas cooling, star formation, feedback, and galaxy mergers. This model adequately reproduces the slope of the total GNCs in the I band, but not in the B band (see Fig. 1 in Baugh et al. 1996b) . Figure 8 demonstrates that GNCs by morphological type in optical bands are not very sensitive to galaxy evolution. Independently of the data dispersion in the figure, the three overplotted models (which are very different among themselves) provide similar predictions for the GNCs of E-S0's, spirals, and Irr+Merger galaxies in the I band. Therefore, little information can be obtained from morphological GNCs in optical bands.
However, we have found that morphological GNCs in the NIR bands are much more sensitive to the galaxy evolution experienced by each galaxy type than those in the optical bands. Figure 9 shows the total GNCs by morphological types in the K band derived in the present study ( §4.1.1) compared to the predictions of the EM06 model (left panel) and the EM10 model (right panel). We have had to establish an ad hoc analogy between the data types defined in P13 (see §2) and those defined in each model. The broad galaxy classes assumed by the EM06 model makes it difficult to compare the predictions of this model with the available data. We have identified the S0/a-Sb type in the model with red discs, but it is obvious that this class contains galaxies that are not strictly 'red' (the Sb's), which should be included in the comparison with real blue galaxies instead. This explains why the model overpredicts the GNCs of red discs and underestimates the GNCs of blue galaxies at all magnitudes.
We have shown that the simple scenario of the EM06 model can be rejected simply by attending to its predictions at the faint end of the total K-band GNCs by redshift bin (see Fig. 6 ). The disagreement between the data and the model predictions was interpreted as a sign that the bulk of low-mass (L < L * ) E-S0's cannot have formed at a short time period around z ∼1.5. Their definitive assembly was probably more gradual over the last ∼9 Gyr. Attending now to the predictions of this model for the GNCs of E-S0's in Fig. 9 , we can also refute a sudden formation of the bulk of bright E-S0's (L > L * ) at z ∼ 1.5. The model clearly overpredicts their contribution at K > 16.5 mag. Moreover, the EM06 model does not provide any explanation for the existence of red highly distorted galaxies found in real data. It postulates the existence of initial stages of extreme dust extinction in the E-S0's after their appearance on the cosmic scene. But these galaxies remain E-S0's at those stages, they do not necessarily exhibit distorted morphology.
Nevertheless, the GNCs by morphological type predicted by the EM10 model in the K band (right panel of Fig. 9 ) can approximately reproduce the observed distributions of all galaxy types identified in this study up to the limiting magnitude of validity of the model. To compare data and model predictions, we have identified the observed red regular spheroid-dominated galaxies with the E-S0's in the model, real blue galaxies with modelled Sb-Irr's, red regular disc-dominated galaxies with Sa-Sab's, and finally red highly distorted galaxies with the advanced stages of major mergers predicted by the model. The EM10 model is capable of explaining the shape and numbers of the GNCs of massive E-S0's up to K ∼ 18 mag, as well as the rise in GNCs of red distorted objects at faint magnitudes. Contrary to the EM06 model, the EM10 model naturally predicts high levels of dust extinction in these early phases of the assembled E-S0's because they are assumed to derive mostly from gas-rich major mergers, which are known to undergo intense starbursts at advanced stages of the interaction (see references in EM10). The success of the EM10 model is thus twofold: first, it predicts the GNCs of bright E-S0's observed since z ∼ 1.5, and, secondly, it offers an explanation of the appearance of a population of highly distorted galaxies on the red sequence at z > 0.8 (marginal at lower redshifts), as the advanced stages of the major mergers reported by observations up to z ∼ 1.5. This shows that it is feasible to explain the assembly of massive E-S0's at 0.8 < z < 1.5 via major mergers. Note that it can also nearly explain the GNCs of red disc-dominated galaxies if they are identified with Sa-Sab's.
The EM10 scenario is consistent with the results derived from the observed GNCs of Extremely Red Objects (EROs). EROs are considered as the counterparts of local L > 2-3 × L * galaxies at 0.7 < z < 1.5, with the bulk of population at z ∼ 1 (Väisänen & Johansson 2004) . In the framework of the model, the L > L * E-S0's derive from blue starforming galaxies through the major mergers that are observed to occur at 0.8 < z < 1.5, meaning that these galaxies are undergoing advanced stages of these mergers at 0.6 < z < 1.2, probably suffering intense dust extinction that reddens them significantly. Moreover, many other studies support that there must have been a significant assembly of red galaxies at the expense of the blue ones during the last 10 Gyr (see, e.g., Faber et al. 2007; Kriek et al. 2008, P13) . In particular, the model predictions agree with Buitrago et al. (2013) , who found that the early-type galaxies have been the predominant morphological class for log(M * /M⊙) > 11 since only z ∼ 1.
The rise of spheroid-dominated galaxies at the expense of these highly distorted objects at the massive end of the red sequence at 0.8 < z < 1.5 can be observed in the evolution of the relative fraction of both types in colour-magnitude diagrams. In Fig. 10 we plot the apparent B − K vs. K diagrams for our blue and red samples in the three wide redshift bins defined in P13. The various morphological types of red galaxies are identified by distinct symbols. The expected traces for different galaxy types within each redshift interval have been overplotted. They correspond to the same models plotted in Fig. 1 , but different stellar masses have been assumed to scale the models in each redshift bin in order to overlap them with the data: M * = 1×, 2×, and 4× 10 11 M⊙ for 0.3 < z < 0.7, 0.7 < z < 1.1, and 1.1 < z < 1.5 respectively. As times goes by, the relative presence of distorted objects in the red sequence decreases, whereas the relative fraction of regular spheroid-and disc-dominated galaxies rises. This figure also explains qualitatively why the appearance of the slope change in GNCs at K ∼ 17.5 mag. The GNCs at K < 17 mag are numerically controlled mostly by the red objects at 0.3 < z < 1.1 (compare the relative numbers of red and blue objects at K < 17 mag in the three redshift bins). However, the number of blue objects at 0.3 < z < 1.1 tends clearly to dominate them at K > 18.5.
The EM10 model shows that it is feasible to attribute the build-up of massive E-S0's entirely to major mergers, but this scenario is an obvious oversimplification of reality. It does not account for additional evolutionary mechanisms, such as gas stripping and strangulation in clusters, simple fading, or harassment (see Aguerri 2012; Kormendy & Bender 2012 , for a review on the possible processes), that are known to have played a relevant role in the migration of galaxies from the blue cloud to the red sequence (mostly producing S0's). However, the evidence of the protagonism of major and minor merging in the formation of massive lenticulars has been growing in recent years, so the model could be providing a rough (but almost realistic) prediction of the global effects of mergers in this galaxy population (see, e.g., Eliche-Moral et al. 2006a; Bernardi et al. 2011b,a; Eliche-Moral et al. 2011 , 2012 Peirani et al. 2009; Yang et al. 2009; Hammer et al. 2009a Hammer et al. , 2012 Hammer et al. , 2009b Bernardi et al. 2011a,b; Borlaff et al. 2014; Tapia et al. 2014; Choi et al. 2014; Querejeta et al. 2015) . The scenario proposed in the EM10 model is also supported by the recent results by Wagner et al. (2015) , who indicate that the number evolution of the majority of massive early-type galaxies at z > 1.2 seems to be driven by recent gas-rich mergers (see also Whitaker et al. 2012) .
In summary, GNCs by morphological type are much more sensitive to the evolution of massive E-S0's when derived in NIR bands than in the optical bands. The morphological GNCs of E-S0's and highly distorted objects on the red sequence are compatible with a scenario in which the build-up of massive E-S0's at 0.8 < z < 1.5 has occurred through the major mergers reported by observations up to z ∼ 1.5 (in good agreement with hierarchical theories of galaxy formation). The GNCs of E-S0's (total and by redshift bins) derived in the present study indicate that the slope change in the total GNCs at K ∼ 17.5 mag is nothing other than a vestige of the assembly of more than a half of present-day massive E-S0's at 0.8 < z < 1.5, possibly driven by major mergers in their majority.
SUMMARY AND CONCLUSIONS
We have studied the galaxy population and evolutionary processes responsible for creating the slope change registered at K ∼ 17.5 mag in NIR GNCs. We have derived the contribution of various galaxy types to the total K-band GNCs at 0.3 < z < 1.5, as well as the GNCs of E-S0's by redshift bin, in order to identify the populations that produce this feature. We have used the data and galaxy samples selected in P13. The GNCs and other data obtained from the literature have been compared with the expectations of a number of galaxy evolutionary models.
We show observationally that the slope break in the Kband total GNCs is caused by a sharp change at z < 1.5 in the galaxy population that controls them in terms of their numbers (from the quiescent E-S0's at K < 17.5 mag to the blue star-forming discs at fainter magnitudes). The change is generated by a substantial flattening of the contribution of E-S0's to the total K-band GNCs at z > 0.6, as compared to their rising trend at the bright end of the GNCs distribution.
From the comparison of the GNC data obtained here and from the literature with the models analysed, we have found the following results:
(i) We corroborate that models in which massive E-S0's evolve passively since high redshifts (z > 2) cannot predict the slope change in the K band GNCs and are discarded by attending only to the total GNCs from the NUV to the NIR bands. On the contrary, we show that the models (such as EM06 and EM10) that assume a significant assembly of this galaxy population at z < 1.5 can simultaneously reproduce the total GNCs from the NUV to the NIR bands, including the slope break at K ∼ 17.5 mag.
(ii) The total K-band GNCs by redshift bin reveal that massive galaxies (mostly E-S0's) have experienced a significant progressive assembly at 0.8 < z < 1.5.
(iii) The GNCs of E-S0's by redshift bin demonstrate that this assembly at 0.8 < z < 1.5 involved at least ∼50% of the present-day massive E-S0 population (L > L * ). (iv) GNCs by morphological type are more sensitive to galaxy evolution when derived in the NIR than in the red optical bands.
(v) The EM10 model, which considers massive E-S0's to have derived from the major mergers registered in observations, is capable of simultaneously reproducing the total GNCs from the NUV to the NIR bands, as well as total GNCs of E-S0's by redshift bin in the K band. It can also reproduce the GNCs by morphological type if the following identification between the modelled and real types (as defined in P13) is established: the modelled E-S0's correspond to the observed red regular spheroid-dominated galaxies, Sa-Sab's in the model are the regular discs detected on the Figure 9 . K-band GNCs by morphological type derived in the present study (see Fig. 2 ) compared to the predictions of the EM06 and EM10 models for analogous types (left and right panels, respectively). The prediction of the PLE model for total GNCs is shown in both panels for reference (grey dashed lines). Vertical dotted line: limiting magnitude for 100% completeness of our data. Region shaded in blue in the right panel : region where the predictions of the EM10 model are not valid for total K-band GNCs. Consult the legend in each panel. [A colour version is available in the online version.] Figure 10 . Apparent colour-magnitude diagrams (B − K vs. K) for our observational sample in the three wide redshift bins considered in P13 (0.3 < z < 0.7, 0.7 < z < 1.1, and 1.1 < z < 1.5). Red circles: red regular spheroid-dominated galaxies (E-S0's). Green diamonds: red regular disc-dominated galaxies. Yellow stars: red highly distorted galaxies. Blue crosses: blue galaxies. Lines: theoretical trends followed by various galaxy types within the redshift interval of each frame, modelled assuming standard SFHs starting at z f = 3 and characteristic physical properties according to observations. They have been obtained with the stellar population synthesis models by Bruzual & Charlot (2003, see the text for details). Stellar masses of M * = 10 11 , 2 × 10 11 , and 4 × 10 11 M ⊙ have been assumed for all models at 0.3 < z < 0.7, 0.7 < z < 1.1, and 1.1 < z < 1.5 respectively. Red thin solid: E-S0 galaxy. Orange thick solid: Sa-Sab. Green dashed: Sb-Sbc. Blue dot-dashed: Sc-Scd. Purple three dots-dashed: Sd-Irr. Pink long dashed: Dust-reddened starburst galaxy with A V = 3.0 mag. [A colour version is available in the online version.] red sequence, Sb-Irr's are the blue galaxies in the data sample, and the advanced stages of major mergers predicted by the model are compared to the galaxies with distorted morphologies identified on the red sequence. This shows that it is feasible to explain this assembly of massive E-S0's at 0.8 < z < 1.5 (revealed by GNC data) only through major mergers.
We conclude that the slope change in total NIR GNCs is thus a relic of the assembly of a substantial fraction of
